Abstract. We present recent results of x-ray laser amplification of spontaneous emission in Ne-like and Ni-like transient collisional excitation schemes. The plasma formation, ionization and collisional excitation can be optimized using two laser pulses of 1 ns and 1 ps duration at table-top energies of 5 J in each beam. High gain of 35 cm -1 has been measured on the 147 Å 4d→4p J=0→1 transition of Ni-like Pd and is a direct consequence of the nonstationary population inversion produced by the high intensity picosecond pulse. We report the dependence of the x-ray laser line intensity on the laser plasma conditions and compare the experimental measurements with hydrodynamic and atomic kinetics simulations for Ne-like and Ni-like lasing.
INTRODUCTION
The first laboratory demonstration of x-ray laser amplification of spontaneous emission was achieved in 1984 by pumping with high power laser drivers (1, 2) . Since that time different x-ray laser schemes working on a range of ions, as described in recent proceedings (3, 4) , have been investigated. In particular, progress has been rapid in small scale table-top x-ray lasers in the last three to four years. In the work by Rocca et al., the fast capillary discharge collisional x-ray laser was produced on the 3p→3s J=0→1 transition of Ne-like Ar at 469 Å (5) and later the output was increased to the saturation limit (6) . The development of compact, high power subpicosecond lasers based on chirped pulse amplification (CPA) (7) has also been very important for extending x-ray lasers to shorter wavelengths. This is because the pumping power required to produce the plasma formation, ionization and excitation for shorter wavelength collisional x-ray lasers has traditionally scaled approximately as λ -4 , where λ is the x-ray laser wavelength.
Short pulse, high power laser drivers at the Terawatt level or higher with high repetition rates can provide the necessary pump for a new class of x-ray laser (XRL). A novel scheme was reported in 1995 for a Pd-like Xe x-ray laser operating at 10 Hz with a gain length product of gL ~11 at 418 Å for 40 fs irradiation of a xenon gas cell (8) . This scheme used a combination of field induced tunneling ionization followed by collisional excitation. A shorter wavelength scheme operating at 135 Å with a gain length product of gL ~6 has also been demonstrated for an H-like Li Ly-α inversion pumped by a 300 fs laser pulse (9) in a micro-capillary. The transient collisional excitation using a picosecond pulse has been reported recently by Nickles et al. for the 3p→3s J=0→1 transition of Ne-like Ti which lases at 326 Å with a gain of 19 cm -1 and a gain length product of gL 9.5 (10) . This scheme has also been reported to work with a gL >14 for Ti and at 255 Å for Ne-like Fe (11, 12) , and to achieve saturated output on Ne-like Ti and Ge at 196 Å (13) .
The Ni-like ion has the similar benefits of the closed shell configuration as the Ne-like ion and therefore it is a robust XRL plasma medium. It also has the advantage of a larger x-ray photon energy to excitation energy ratio: the ratio is 0.19 for Ni-like palladium. Therefore, while the Ne-like transient collisional scheme is interesting, the extension to the Ni-like ion sequence yields higher efficiency, higher output and shorter wavelength x-ray lasers. Previously, Ni-like collisional x-ray lasers for 3d 9 4d→3d 9 4p transitions in high-Z ions have required large energy laser drivers (14, 15) . Using the NOVA laser, short wavelength lasing has been extended to 35 Å for the 4d→4p J=0→1 transition of Ni-like Au (16) . Lasing on Ni-like ions has also been measured on the Lanthanide series for example Neodymium and Lanthanum for x-ray lasers operating at wavelengths of 79 Å and 89 Å (17) . Saturated output for the Ni-like scheme has been demonstrated very recently at 140 Å for Ag and at 73 Å for Sm by using 150 J of energy in a 70 ps pulse and pre-pulse combination (18) .
We have recently observed lasing on the transient collisional excitation Ni-like Pd scheme pumped with less than 10 J of laser energy (19) . This is a further reduction in the pumping energy by more than one order of magnitude. Gain in excess of 35 cm -1 and a gL product of ~12.5 have been measured on the 4d→4p J=0→1 transition at 147 Å for this scheme. The next section describes the transient gain scheme and the experimental implementation. Section 3. summarizes experimental results on the transient Ni-like Pd scheme. Section 4. compares the Ni-like Pd results to simulations while Section 5. discusses the important issue of Ne-like Ti output as a function of short pulse delay. The final part of the paper, Section 6., discusses some future trends including a brief description of the purpose built table-top COMET laser driver for the next phase of experiments.
TRANSIENT GAIN SCHEME DESCRIPTION AND EXPERIMENTAL IMPLEMENTATION
The transient collisional excitation (TCE) or transient gain scheme as proposed by Afanasiev and Shlyaptsev (20, 21) describes the creation of a short-lived inversion on the timescale of femtoseconds to a few tens of picoseconds. This is characterized by a plasma lifetime dictated by the fast pumping source which in turn should be comparable with the relaxation timescales of the excited levels. Most collisional x-ray lasers reported in the last decade have been variations of the quasisteady state (QSS) inversion scheme where the pumping source is much longer than the lifetime of the excited levels. The TCE scheme differs from the QSS inversion in a number of important areas but mainly because the risetime of the level excitation rates is shorter than the collisional excitation timescales. This produces a short-lived transient population inversion pumped directly from the ground state until collisions redistribute the populations among all levels achieving finally the quasi-steady state. During the time of population redistribution the inversion is not defined by the small difference in populations of upper and lower level as in the case of QSS but in fact solely by the the upper laser level population. Besides, since the plasma can be made sufficiently hot for maximal level population during this short transient time it is predicted that TCE will produce very high gains above 100 cm -1 and therefore very high efficiency x-ray lasers. One proposed method for demonstrating the transient scheme x-ray laser is to use two sequential stages of laser irradiation (10, 21) . A formation pulse of 1 ns heats a solid planar target at 10 12 W cm -2 to produce a long scalelength plasma with a high fraction of ions in the Ni-like stage. It is essential for a delay before the second pulse to optimize the conditions within the plasma for maximum amplification. The short 1 ps pump pulse at 10 15 W cm -2 produces rapid plasma heating with an increase in the electron temperature T e ≥ ∆E e , where ∆E e is the upper laser level excitation energy. This generates the transient inversion and the scheme works most efficiently when the plasma formation conditions are at the correct ionization, with low initial electron temperature and low electron density gradients. The high gain conditions last for a few picoseconds then will quickly decay after ~10 ps as a result of collisional redistribution of the electron population among all excited levels, ionization and plasma cooling. Therefore, high gain is expected for short 0.1 to 0.3 cm targets with decreasing gain for longer lengths.
The Ni-like Pd experiments were performed at the Lawrence Livermore National Laboratory JANUS laser facilities. One arm of the JANUS laser provided an 800 ps (FWHM) pulse at 1064 nm wavelength with 5 -6 J on target at a repetition rate of 1 shot/ 3 minutes. This produced the plasma forming beam. The short pulse needed to pump the inversion was provided by the 5 -6 J hybrid chirped pulse amplification JANUS 500 fs system. This is based on a Ti:Sapphire oscillator and regenerative amplifier front end tuned to 1053 nm wavelength with Nd:phosphate glass power amplifiers. The pulse duration was lengthened to 1.1 ps (FWHM) by de-tuning the compressor gratings. The regenerative amplifiers of the two lasers were synchronized using the 80 Mhz radio-frequency output from the short pulse oscillator resulting in a relative timing jitter of 80 ps rms. The arrival of the short pulse was delayed by 1 to 2 ns relative to the peak of the long pulse to minimize refraction effects and to allow for sufficient plasma cooling. After amplification, the beams were enlarged to 8.4 cm diameter, aligned and co-propagated under vacuum to the target chamber. The combination of a long focus cylindrical lens and a paraboloid were used to produce a line focus of dimensions 70 µm × 12.5 mm. Slab palladium targets were used in the experiment. A flat-field grating spectrometer with a back-thinned CCD detector measured the axial spectral emission. Further experimental details are described in (11, 19) . Figure 1 shows the axial spectrum for different target lengths. The strong exponential increase in the 4d→4p J=0→1 transition is observed unambiguously in second order. Incident laser energy on target was approximately 4 J of long pulse and 5 J of short pulse. The lasing wavelength is measured to be 146.6 ± 0.9 Å by fitting a high order polynomial function to the spectrum using Ne-like transient gain 3→3 x-ray laser lines of Ti and Fe, observed in first order, as calibration lines. These Ne-like lasing lines have been previously reported in long pulse collisional excitation schemes using the pre-pulse technique (22) . The Ni-like Pd wavelength is in good agreement with the calculated wavelength of 148 Å (23) . (More accurate wavelengths have been recently measured and extended to other ions on the Ni-like isoelectronic sequence (24) using the table-top COMET laser driver.) As can be seen from Fig. 1 the output of the line increases rapidly with small increments of target length. The laser dominates the spectrum above 0.3 cm targets. The largest increases in x-ray laser output are observed for 0.05 and 0.1 cm steps in the shortest targets. More than four orders of magnitude increase in the laser output is observed when the target is lengthened from 0.1 to 0.8 cm. All laser driver conditions, including the short pulse energy, long pulse energy, line focus and delay between the two pulses, are kept constant. Also shown are the local Linford fit to the experimental points (25) and the RADEX simulations with transient ray-tracing. The latter is discussed in more detail in the next section. The shape of the intensity versus length output of the x-ray laser indicates continually changing gain conditions with the highest gain of 35 cm -1 observed at the shortest target lengths of 0.1 to 0.2 cm. The gain drops at intermediate and longer target lengths. Although the shape is similar to saturation, this effect is explained by the transient gain timescale lasting for 5 to 15 ps. This is significantly shorter than the x-ray laser propagation time along the line focus (26) and so the laser experiences continually decaying gain conditions as it travels along the gain medium. The overall gL product is determined to be ~12.5 by integrating the measured gain along the full target length. The hydrodynamics, atomic kinetics modeling and ray-tracing are described in the next section.
EXPERIMENTAL RESULTS

COMPARISON OF NI-LIKE PALLADIUM RESULTS WITH SIMULATIONS
Very high gains in excess of 300 cm -1 have been predicted for transient gain in Ni-like Xe at 96 Å (21) and for Ni-like Mo 189 Å (27) at laser irradiances and pulse durations close to the work described in (19) . High values have also been predicted for transient gain Ne-like schemes (28) . The experimental gain of 35 cm -1 measured for Pd is high in comparison with previously reported x-ray gain results but still significantly lower than the predictions. The main reasons for the observed lower gain are the combined effects of refraction deflecting the x-ray laser out of the gain region of the plasma, short-lived high gain and collisional line broadening. We used the 1-dimensional numerical code RADEX (10, 20, 21) which treats the transient hydrodynamics, atomic kinetics and radiation transport self-consistently. An additional ray-tracing package, as a post-processor, is used to model the propagation of the x-ray laser along the gain medium and calculate the x-ray laser intensity. It is important to note that the hydrodynamics, atomic kinetics and raytracing have to be made using a transient approximation to simulate the experimental conditions. In particular, calculations show that if the x-ray laser line ray-tracing is made in a quasi-steady state approximation for gain described as transient this produces results inconsistent with the observed x-ray laser characteristics including the lasing intensity, pulse duration, deflection angle and effective gain. This can be explained mainly by the fast gain risetime of 1 -3ps and short lifetime of 5 -15 ps (for plasma densities n e ~ 1 -3 × 10 20 cm -3 ) compared to the propagation time L/c ~ 30 ps along the amplified medium. The major observed XRL characteristics are consistent with the experiment only when the effects of fast temporal evolution of the gain and photon transit time are included and properly described. Figure 3 . shows output from RADEX for simulations of the experimental conditions used to generate the Ni-like Pd x-ray laser mainly during or after the laser short pulse which produces the transient excitation. A general overview is that during the short pulse laser, the electron temperature exhibits dramatic changes near the critical density where locally most of the absorbed laser energy is deposited. The transient gain here reaches ultra-high values during the short pulse but also vanishes very rapidly. Two other regions, the over-and under-critical, also produce high gain: the former is on the front of the strong heat conduction wave. The latter, where much of the observed XRL gain is measured, is in the region of inverse bremsstrahlung absorption where the increase in the temperature is sufficiently high for efficient transient excitation T e ~ ∆E e , where ∆E e is the excitation energy. Looking at Fig. 3 in more detail, it is observed that refraction is caused by density gradients normal to the target surface, as shown in Fig. 3 (a) for +2 ps after the peak of the picosecond pulse. These deflect the laser out of the high density and high gain region as it propagates along the plasma column. Critical density is 15 µm in front of the target. This is clearly shown for the XRL trajectory plot of Fig. 3 (b) at +2 ps, where refraction stops amplification in the high gain region at n ẽ 10 21 cm -3 for plasma lengths L< 0.1 -0.3 cm. This indicates that refraction is still very important for the shorter 147 Å wavelength here than in the transient Ne-like Ti x-ray laser at 326 Å [10] . It is also applicable to the shorter target lengths of 0.8 cm than in the few centimeter long geometries QSS schemes. However, refraction is much less pronounced at lower densities n e ~ 1 -3 × 10 20 cm -3 for 147 Å photons of Ni-like Pd compared to 326 Å Ne-like Ti x-ray laser.
Secondly, the conjunction of the fast transient nature of the atomic kinetics and the finite photon transit time L/c is significant. This transit time effect, when the XRL experiences gradually decreasing gain during propagation evident in Fig. 2 , is basically not observed in most QSS lasers. This is illustrated in Fig. 3 (c) for the predicted temperature distribution in space at three different times. The long plasma formation pulse heats the plasma to a peak temperature of T e ~ 150 -200 eV sufficient to ionize Pd to the Ni-like charge stage. At the end of the long pulse, the plasma expands and cools to less than ~90 eV as shown by the -2 ps curve, representing 2 ps prior to the short pulse arrival, without significant change in the Ni-like abundance. The absorption of the picosecond pulse energy occurs mostly at the critical density surface at n e = 10 21 cm -3 rapidly heating the electron temperature there to ~2 keV in the first few picoseconds, curve +2 ps. There is partial heating in the under-dense corona to an optimal of 350 -500 eV. As a result of strong heat flux, close to the free streaming limit, the high temperature region cools to 400 eV after 10 ps (curve +10 ps), and then continues to fall slowly. The transient J=0→1 gain, Fig. 3 (d) , reaches high values of 200 cm -1 during the first 1 -3 ps and 50 -80 cm -1 during a further 10 ps. The former occur near the critical density in the thin ablative layer, the isolated spike in Fig. 3 (d) at 15 µm, while the latter are in areas of relatively flat lower density profile, shaded region. As indicated by Fig. 3  (b) and (d), the short inversion lifetime near the high density critical region decreases the photon transit path in the high gain region to an axial length of 500 µm.
The third important phenomenon is the dominance of collisional line broadening over Doppler broadening of the excited levels at electron densities above 0.3× critical. As a consequence of all these effects, the gain-length product at high density and gain region is substantially decreased. The outer plasma regions at lower density n e ~ 0.9 -2 × 10 20 cm -3 are more optimal for amplification resulting in larger local gL. Hence, the unusual properties of the TCE scheme such as the high gain and saturation-like behaviour find consistent explanation by a combination of the above main plasma and transient kinetics effects. Thus, returning to Fig. 2 the saturation-like behavior for the intensity of Ni-like Pd x-ray laser with length obtained in the experiment, is well reproduced in the RADEX calculations. The dashed curve on this figure represents the Linford fit to the experimental points at highest intensity for a given length. These estimations and numerical investigations indicate that x-ray laser intensity saturation is in fact very close and can be achieved by several methods including just simply increasing the plasma length. Calculations also suggest that the high efficiency obtained in this work can be further improved with the use of a pre-pulse, low density targets or traveling wave irradiation [21] .
NE-LIKE TI LASING FOR DELAYED SHORT PULSE
An explanation of the long pulse-to-short pulse delay was one of the important questions to be answered for effective laser operation in the transient regime. This was resolved in the current experiments. It was found experimentally for Ne-like Ti x-ray laser plasmas that lasing action had a maximum intensity if the two pulses were separated by between one and two nanoseconds (12) . This issue was known but not investigated systematically in the experiments of other groups and required better understanding. Therefore, numerical modeling of this Ne-like laser scheme represented a way to explaining the optimum lasing, the strong lasing at ~1.6 ns delay and the role of the underlying key processes. There exists a similarity here with previous experiments for pre-pulse formed xray laser plasmas in the quasi-steady state regime. It was found in many experiments mostly conducted by Nilsen and co-workers, see for example (22) , that the QSS lasing could be maximized with different kinds of low density prepulses, multiple pulses of different duration, with optimal energies and delays. The main conclusion was that enhanced laser action was a result of substantial suppression of refraction. With the transient excitation scheme there are several new aspects in the fundamental operation and hence the optimized parameters for it are different from the previous QSS approach. A number of comparisons have been made for the experimental data and the code RADEX simulations at the same conditions for different atomic elements. Fig. 4 shows the intensity of Ne-like Ti 3p→3s J=0→1 laser at 326 Å as a function of delay introduced for the short pulse relative to the peak of the 800 ps plasma forming pulse. It can be seen, that lasing does not occur if the picosecond pulse arrives earlier than 1.0 -1.2 ns after the long pulse. There is a window where good lasing is observed, centered at ~1.6 ns, followed by a fast decrease for delays of more than 2.2 ns. This non-lasing early delay behavior is more than just strong refraction effects at the beginning of expansion. This is confirmed in the simulations by artificially reducing the effects of refraction by an order of magnitude: the time of optimal delay and width of lasing window remain relatively unchanged. The additional reason why lasing does not appear prior to a specific moment lies in the physics of the transient inversion. To achieve substantial transient gain, the initial plasma temperature before the picosecond temperature jump must be low enough to empty all excited level populations. After the 800 ps pulse has finished, the laser plasma is allowed to cool down by expansion and radiation to reach less than 80 eV for Ti and less than 90 eV for Pd. Unless these conditions are achieved the transient gain is small. The fall in XRL intensity for large delays is due to substantial plasma expansion and the resultant drop in the density. This causes in turn a decrease in the short pulse laser absorption and hence reduced plasma temperatures during the short pulse. At these late delays the density and corresponding gradients are reduced by more than 50% which is beneficial for refraction effects but is not sufficient to compensate for the lower gain coefficient.
DISCUSSION AND FUTURE DIRECTIONS
The transient gain x-ray laser scheme opens up rich and diverse opportunities for atomic physics and plasma physics research. In particular, there are plans to study energy level measurements, short pulse laser plasma interactions and subpicosecond non-stationary atomic kinetics in plasmas. There are many possible applications which can be pursued with table-top x-ray lasers but have previously required larger laser facilities to pump the inversion. These include x-ray microscopy (29) , interferometry of plasmas (30) , radiography of plasmas (31) , and interferometry of materials (32) . X-ray laser applications are enhanced by the high repetition shot rate and inherent short pulse duration available with table-top transient gain x-ray laser systems. However, high output of the x-ray laser line is essential. Gains as high as 50 -100 cm -1 may be achieved with careful optimization of the target and plasma conditions. The original CPA short pulse laser has been re-designed with some enhancements not previously available in the first experiments to meet these objectives. The new COMET (COmpact M ulti-pulsE T erawatt) laser system is based around the 15 TW short pulse laser, maximum of 7.5 J in 500 fs, but has a long pulse arm sharing the same oscillator. The laser is a table-top system and occupies two standard optical tables with area less than 10 m 2 . The long pulse of 500 -800 ps duration has 12 -15 J energy available on target and replaces the plasma forming beam previously provided by the JANUS laser. A pre-pulse network has also been installed to produce a pre-formed plasma in front of the two main pulses to improve the coupling of laser energy into the gain medium. We have recently looked at lower Z Ni-like materials studied previously, for example Nb and Mo (33) , and observed very strong lasing on Ni-like Y through Mo from 240 Å to 189 Å (34) . The COMET laser is a versatile system which will allow the further detailed study of the transient gain scheme.
